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FATIGUE TESTING OF WING BEAMS BY THE RESONANCE METHOD

By William M, Bleakney
SUMMARY

Preliminary fatigue tests on two aluminum~alloy wing-~
bearn specimens subjected to reversed axial loading are
described, The method used consists in incorporating one
or two reciprocating motors in a resonance system of which
the specimen is the spring element. A description is given
of the reciprocating motors, and of the metkod of assem-
bling and adjusting the vibrating system., The results in-
dicate thaet the method is well adapted to fatigue tests of
not only uniform wing beonms but a&lso wing beams with asyn-
netrical local reinforcenents. : :

I. INTRODUCTION

The present paper describes part of a research pro-=
gram which was requested by the National Advisory Commit-
tee for Aeronautics to obtain information on the fatigue
strength of fabricated siructural elements of saircraft,
The need for such information has become increasingly ap-
parent with the increased importance of vibration in nmod-
ern high-~sgpeed and high-performance airplanes,

The strength of an airplane under steady flight loads
can be computed with consgiderable accuracy from the flight
loads and the strength of the alrplane as deternined by
static loading on the ground. ILittle is known about the
corresponding ability to withstand vibrational loads.

The dotermination of the ability of aircraft struc—
tures to withstand vibratory loads requires on the one
hand o knowledge of the nature of the vibratory loads to
which the airplane is subjected in flight, and on the other
a knowledge of the strongth of the structural parts of the
airplane in withstanding vibratory loads of this nature.
Information of the first type isbeing collected by the
Wavy Departnent in its extensive investigation on vidbra-
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tion of airplanes in flight and by the National Advisory
Committee for Aeronautics in its study of dynanmical loads
under flight conditions in a flying boet. The work de-
scribed in this paper 1s confined to information of the
gsecond type. It may be regarded as an extension to struc—
tural parts of airplanes of the resonance method of fa-
tigue testing developed for airship girders by the Goodyear-
Zeppelin Corporation (refsrence 1). The experlence of the
Goodyear-Zeppelin Corporation was drawn upon in planning

the tests and in procuring the driving units.

The present report describes the appllcation of the
resonance method to wing-beam gpecinens having various
types of discontinuities gsuch as attachnents, access holes,
rivets, bolts, and sharp angles, which may affect the fa-
tigue strength of the wing beam in the finished airplanse.
The presence of such discontinuvities in the test speclmen
is considered particularly important since 1t is well
"known that they introduce stress concentrations which may
lower the fatigue strength to a fraction of the value found
in the absence of such concentrations. The effect of the
dlscontinulties can be studied most conveniently by apply-
ing an alternating axial load to a specimon approximately
uniform in section, so that, except in close proximity to
thoe discontinuities, the stress is approximately uniforn
throughout the smecimen.

It is realized that the vibratory stresses in wing
beams in service will differ from those for this type of
fatlgue test in having a gteady stress that 1s geéenerally
different from zero and in being due malnly to flexural
rather than axial loads.

The effect on endurance of steady stresses superposed
on alternating stresses has been the subject of consider-
able study 1n the case of._structural materials, and fto a
less extent in the case of notched, riveted, and welded
structures (reference 2), but no well~controlled experi-
ments are known which show the effect of steady loads on
the endurance of fabricated aluminum-alloy structures with
local stress concentrations. It is-hoped that an estimate
of-this effect may be obtained later in thig investigation,

The fact that axiol alternating stresses rather than
flexural stresses are get up in the wing beam does not
seriously detract from the value of results from axial fo-
tiguec tests since the direction of stress in both cases 1s
the same. Thus the fatigue strength of tho flanges of the
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beam, which are the parts that may be expected to fall
first in service since they are the most highly stresse&
may be estimated from observations of flange fallure in

the axial load test. -In addition the effect on fatigue
strength of stressg concentrations around small discontinui-
ties in the wed may be observed.

The natural frequency of flexural vibration of alr-
pPlane wings is so high that the beams may in some cases.be
subjected to many nillions of cycles of vibratory stress
near the maximum range during their service life. The fa-
tigue test in the laboratory should therefore be designed
to provide loads alternating several million times within a
roasonable test period. The most convenient nethod of ac—
complishing thig is to make the specimen the elastic nen-
ber of a resonant system of high natural froquency, and %o
drive this system a% or very near this frequency. The . res-—~
onance method, in addition to shortening the fatigue test,
has the advantages of providing a large alternating load
with a low amplitude of the driving force, and of loading
only the specimen and its immediate attachments, so that
the size of the loading mechanism may be reduced to.a& nin=
imun. -

A practical procedure for such a resonance_fatigue
test with alternating axial loads has been developed by
the Goodyear-Zeppelin JSorporation for their fatlgue ftests

on airship girders and was successfully applied by then 1n'"_

tests to destruction of 18 aluminum—alloy girders of a
number of different designs (references 1 and 3). In the
present investigation the procedure used by the Goodyear-
Zeppelin Corporation has been modified to a consiaerable
extent; first, in order to make use of existing power -
equipment at tne National Bureau of Standards and theredby
simplify the set-up, and second, in order to adapt the

method to wing beams in place of airship girders.

II. DESCRIPTION OF WING-BEAM SPECIMENS

The test specimens were supplied by the Navy Depart—
ment in the form of complete wing cells containing 24ST
aluninun-~alloy I beams of typical construction. The beams
were removed and cub into convenient lengths. This paper
describes tests to destruction on two such spvecimens, cut
from the undeformed portion of the front and rear beams of
an upper wing cell which had been damaged in service (fig.



4 N.A.C.A. Tochnical Note No. 660

1). Carc was takea to leave unéisturbed all attachnments,
reinforcements, and rivet joints which might set up local
stress concentrations in the assemblsd wing beams.

Specimen A& was the central portion of the rear bean,
extending out to the sections at which the beam began to
taper, It was 96 inches in length, 5-3/4 inches in depth,
and had a nominal cross—sectional area of 1.11 sqguarse
inches. The wed was 0.045 inch thick, the lower flange
1-3/4 inches wide and 0.1l5 inch thick, and the upper flango
1-3/4 inches wide and 0.234 inch thick.

Specimen B was an 88~inch length of the front bean,
extending 18-1/2 inches to starboard of the center line
and 69~1/2 inches to port, the remainder of the starboard
end being damaged. The specimen tapersed slightly near the
port end. The beam was about 9~1/4 inches deep, with a
nominal cross section of 1,19 square inches, includlng a
narrow strip of skin material which was riveted to each
flange., At the port end of the loaded portion of the
specimen the taper reduced the section to 1.16 sqguare
inches., The web was 0.054 inch thick, and the flange di-
mensions were the same as those of the lower flange of the
rear beam, 1-3/4 inches by 0.1l5 inch.

III. GENERAL DESCRIPTION OF THE RESONANCE METHOD

1. Arrangement for the First Wing Beam

The general arrangement of the resonant system en—
ployed for specimen A isg shown in figures 2 and 3.

The Specimen § (filg., 2) was mounted vertically with a
steel welght W attached to ite upper ond and & cylindri-
cal electromagnet M attached to its lower end. The mag-
net winding 0 was energized with direct curreant. In-
serted in the annular air gap and free to move axially
relative to the magnet was the ring-shaped armature 4.
This armature was connscted to the upper weight W by
means of the yoke Y and the two rode R, +these connec-
tions being so rigid that the system moved nearly as a
single unit. When alternating current wos supplied to the
armature winding C;, alternating axial forces acted be-
tween the armature and the magnet in a manner similar to
the push~pull action of a dynamic loudsveaker unit. When
the frequency of tho alternating curront was adjusted to
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coincide with the natural frequency determined by the ratio
of the spring constant of the specimen S to the massos W
and M and the parts rigidly attached thereto, these driv-
ing forces supplied the power which built up and maintained
resonant vibration. '

The system was isolated from the framework of the
building by a tonsion spring S; at the top and four com-

pression springs S; at the bottom (fig. 2). The static

load on the specimen was eliminated by adjusting the height
of the upper support until the length of the tension spring
S, was equal to its length as measured before the specimen
wag connected to the weight W.

2. Arrangenent for the Second Wing Bean

Iwo identical reciprocating motors were used to apply
the load to specimen B, one motor being attached to each
end of the specimen to form a symmetric arrangement. The
method of attachment is shown in figure 4. The complete
assenbly is shown in figure 5. '

THe aqsembly was mounted horizontally on a bench B
.(fig. 4), and supported on small l-inch rubber pads - S,
" which effectively prevented vibration fronm traveling through
the bench to the floor. The rigid unit, comprising the ar-
mature A and the yoke Y was supported in the magnetic
air 'gap by a system of 16 flexure plates designed to con-
fine re%ative motion to the axial direction. (See F,
fig. 8 . o .

At first the two yokes at opposite ends of the assen-
bly were connected by pipes as in figure 5, so that this
system, acted upon by vibratory forces which were oppo-
gsitely directed at the two ends, remained stationary. The
pipes, however, were later removed when 1t was found that
the foreced vibration set up in the freely floating arma-
ture and yoke was not appreciable et the frequency of the
test.

The resulting simplified assembly showed a marked im-
provement in the flexibility of adjustment in centering
the load. Other advantages of this assemnbly over the ver-
tlcal set-up used in the first test were greater facilliy
in mounting the specimen and in reading strains and ampli-
tudes, and also the elimination of the rather noisy spring
system used to support and isolate the first vibrating
assendbly,
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3. Capacity of Existing Equipment

The length of specimen is limited by the available
stroke of the armature relative to the magnet. In the ftwo
machines supplied for this investigation dy the Goodyear
Tire and Rubber Company the stroke was limited to 1/4 inch.
The maximum change in specimen length in the arrangement
of figure 2 is therefore 1/4 inch; in the arrangement of
figure 4;~l/2 inch. Hence for an aluminum-alloy speclimen
with a stress amplitude of 10,000 poufids per square inch,
the maximum length which can be tested is about 10 feet in
the first case, and 20 feeit in the second.

Within the limits of motion imposed by the 1/4-inch
stroke, the maximum alternating load attainable is deter~
mined by the amplitude of the alternating driving force
which can be attained, and by the total amount of damping
in. the systom. For the same amount of damping, it is of
course the same for the arrangement of figure 2 as for
that of figure 4. For maximum safe currents supplied to
the magnet and armature, the amplitude of the driving force
was found to be about 480 pounds. The damping can be con=~
veniently glven 1ln terms of the faorce amplification factor;
thaet 1s, the ratio of the amplitude of the load wTariations
to the amplitude of the driving forcse at resonance. In
these tests this ratlo ranged from 50 to 120, depending
largely upon the temperature of the system. It may be pos-
8ible to obtain values considerably higher than these 1n
gspecific cages by reducing the demping in the attachments
which connect the welghts to the ends of the gpeclmen.

IV. DRIVING HECHANISM

l. -Powsr Supply

To drive the assenmdly at its resonant frequency, ad-
vantage was taken of the variable-~frequency power avail-
able from the motor-generator set used in the study of
propeller vibration (reference 4).* Thig set has an alter-~

*This is tho main difference between the resonance method
used here and that used by the Goodyear-Zeppelin Corporation
(references 1 and 3)., The latter method makes use of an
inverter circuilt controlled by a magnetic pick-up attached
to the vidrating assemdbly to supply power af the requisito
frequency.
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nating current capacity of 55 ampsres throughout the fire-
quency range from 20 to 180 cycles per second, the voltage
belng adjustable. The sharpness of the resonance peak for
the vibrating system required that the alternating current
frequency be controlled wlth great precision in order that
the amplitude variations may be kept within a few percent.
This was accomplighed by driving the variadble frequency’
generator with a compound wound direct-current motor, the
direet current current being supplied by & direct-current
generator driven by a synchronous motor. The frequency
was adjusted by altering the field current in the direct-
current motor by means of field rheostats. It was found
that the resonant frequency of the mechanical systen
changed somewhat more rapidly than the frequency of the
power for a particular rheostat setting. (See section
VII, 2.) OConsequently, no further attempt wes made to im-
pProve the power frequency control. .

2. Design of Reciprocating Motors

As explained in section III, the power is transmitted
to the vibrating assembly by means of one or two reciprow~
cating motors which consist essentially of & cylindrical
magnet M, a ring armature 4& (see fig. 2), and means
for guiding the relative motion of thesse two parts. Two
such reciprocating motors were designed and built for this
project by the Aeronauntical Depariment of the Goodyear
Tire and Rubber Company. Although new in design, these
motors have exhibited no troudble in service. Co

Figure 6 shows the field magnet of one of these ma-
chines, . with the armature removed. The winding which en-
circles the core is not visidle in the photograph. This
vart weighs about 580 pounds. '

Figure 7 shows the armature which is welded &irectly
to a tubular yoke designed to facilitaté conneétions o
menmbers in the vibrating system. This unit weighs 66
pounds and conteing, besides the armature winding, lami-
neted iron parts designed to concentrate the magnetic flux
to the best advantage.

Figure 8 shows the reciprocating motor completely as-—
‘sentbled. . The armature is centered in the magnetic air gap
"by the system of flexure plate guides F which effectively
prevent contact between the armature and the magnet pole’
faces. The nominal clearance here is 1/32 inch, Ducts
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are provided for air cooling. The photograph shows the alr
hose connected to the air inlet at the axis of the core.
Exhaust ports are provided at the other end of tho nagnet.

Without artificial cooling the magnet winding will
carry a continuous direct current of 4 amperes, and the ar-
mature & continuous alternating current of—15 amperes.

With alr cooling these currents may be maintained at 5 and
30 amperes, respectively.

3., Performance of Reciprocating Motors

Tests on the performance of these machines were car-
ried out at Akron beforce ghipment to the Natlonal Bureau
of Standards., Some of the results on static locd tosts
obtained with tho set-up shown in figure 9 are plotted i1n
figures 10, 11, and 12.

The forces shown in figure 10 as a function of-dls-
placement of the armaturc relative to the magnoet arise
from the spring action of the flexure plates and from the
attractive forces between the armature and magnet-pole
face on account of the iron in the armature. These forces
do not contridbute to the power aveilable, dbut merely affect
to a slight degree the natural frequency of the vibrating
system to whlch the reciprocating motor is attached.

FPigure 11 shows some typlcal static load-displacemont
curves., From curves such as these, taken for verious fleld
currents, data were colleched on the load per ampere in the
arneture at the position of zero displacement. The results
are plotted in figure 12. I

The load given in figure 12 is the driving force avail-
able per anmpere armature current for very low frequencles,
since 1t was obtained fron static tests. At higher fre-~
quencies the driving force for given armature and field
currents may be expected to be sonewhat less on account of
eddy currents and hysteresis. 4 dynanmic test was there-
fore carried out at this Bureaun in the followlng manner.

The motor, in the position shown in filgure 8, was
"energlzed with 3 amperes fleld current and armature cur-
rents of various frequencies and magnitudes, while the an-
plitudes of oscilletion of the armature and yoke wersc measg-
ured. - Precautions were taken to prevent strong vibration
in the supports and in the guide systom. The displacemont



N.A,C.A., Technlcal Note No., B60 9

anplitude per ampere alternating current in the arnmaturs

is plotted in figure 13, The wvalues of driving force plot-
ted .in the same figure were obtained in the usual manner
for undamped forced vibration. (See any text on vidbration,
8eZes Tinoshenko: "Vibration Problems," or den Hartog:
"Mechanical Vibrations.") For the purpose of comparison
with statlic tests these forces are given on the basis of
inst antaneous armature current, instead of the usual rooi-
mean-square value.

It will be seen from figure 13 that the drop in driv-
ing force for given armature and field currents was ap- :
proximately a linear function of frequency within the
range tested, and amounted %o about 9 percent between O
and 100 cycles per second. From these results it was es-
timated that the maximum nmechanical power available at
full stroke, using the maxinum safe armature and field
currents with air cooling as given above was about 1-3/4
horsepower at 60 cycles per second, and was nearly propor-
tional to the frequency. The corrcsponding driving force
anplitude is about 480 pounds. This is over three times
the maxinun value used to date in tho wing-bean testa.

V. MOUNTING OF WING-BEAM SPECIMEN

l. Attachment of End Weights

The success of the resonance method of fatigue test-
ing depends %o a considerable extent on the means of at-
taching the weights to the specimen. An ideal attachment
would meet the following five requirements: '

(1) A resistance to fatigue greater than that of the

specimen. ’

(2) Uniform load application %o the end scction of
the specimen.

(3) Negligible danping.

(4) Taseo of attachment without danger of weakening
the specimen. L

(6) Adaptability to specimens of different shapes of
cross section. ’
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The attachments used in the flrst test conformed to a
sufficlient degree with the first four roguirements, dut
they feiled to mect the fifth. Those used in the socond
test wero designed to conform nmore clossly to the fifth
requircniont.

The nothod consisted essentially in applylng the load
to a portion of the surface of the specinen near ocach ond
through a thin layer of soft alloy. Wood's metal was usod
because it could be cast in hot water, thus insuring that
no woakoning in the aluminunm-alloy specimen would rosult
fron the heat supplied during tho casting proceduro. The
forn was made from heavy steel in two parts and scaled
with thin rudbber strips, so that after casting the two
rarts could be drawn togethor by means of bolts until a
high hydrostatic pressure was attalned.

Figure 14 is a sectional view of one of the terminal
attachnents used in the first test, and flgure 15 shows a
prhotograph of the attachment taken after renoval fron the
specinen following the test. The attachment covers 9
inches of the specimen at the end. It could not be used
in the second test because of the deeper bean section (9-1/4
inchseg compared %o 5-3/4 inches for the first specimen),
The desgsign of the atitachnrent used in the sgecond test is
shown schematically in figure 4 and photographically in
flgure 16. Here only a 5-inch length 6f "specimen wasg cov—
ered because the thickest part of tho front beam was only
0.15 inch as compared to 0.23 inch for the top flange of
tho rear boam, The average shear stress on the Wood's mat-
al was of the order of 2 percent of the stress appllcd to
the specimen, but the stress may be tonsidoradbly higher in
the Wood!s metal farthest removed from the ends of the spec—
imen. In fact, 1t is believed that the odbserved variotions
in danmping (see section VII) were due almost entirely to
variations in the temperature of the Wood!s metal and their
effect on the plastic strongth of this soft alloy.

2. Centering of Load

It is inmportant to load the specinen as nearly uni-
formly as practicable, in order to insure fallure at the
weakest poilnts. Horeover, because of the dearth of do-
pendable straln gages, 1t is not feaslible to determine the
load ot the point or points of failure unless the load dia=-
tribution over the specimen is known.
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Nonuniform loading arises principally from the pres-
ence of flexural modes of vibration in the plane of the
web. Only two such modes have sufficiently low frequen-
cies to be important. The first mode involves rotation of
the welghts iIn opposite directlions and subJects the aspec-
imen to a uniform bending moment. The second mode involves
rotation of the weights in the samec diroctlon; this sub-
jeets the specimen to a uniforn shoaring force and causeos
i1t to wvibrate with a node at the center.

In the first tost neither mode caused any trouble.
Care was taken to place the centers of gravity of the
weights as accurately as possible along the centroidal axis
of the specimen, The symnmetry of the reciprocating motor
then insures that the line of action of the driving force
is also along the centroidal axis.

However, the same precoutions were not sufficlent in
a large reinforcement at the point where in the dirplane
the cabane support was attached to the front wing beam -
(see fig., 1), and the reinforcoment extended o length of
25-1/2 inchos along tho upper flange but only 9~1/2 inches
along the lowor flange. Conscquently, if tho load was to
be applied through the coniroids of the end sectlons, pro-
vision had to be made for pornitting these end sections
and the welghts attached theroto %o rotate, in ordor to
accommodato the greator change in length of the lowor
flango comparod to that of tho upper flange.
. The position of the load line relative to the coen-—
trolds of tho end sections may be adjusted cither by shift-
ing the axes of tho reciprocating motors relatlive to the
‘spoecimon, or by attaching additional cccentric weights to
the motors. The first mothod applies moments to the speci-
men by providing a coupling between the-longitudinal mode
and the two flexural modes mentioned above., The second
nothod, in addition to providing such a coupling, changes
"the frequency of the axial as well as of the two flexural
modses . by changing the total mass and nmonent of inertia,
and also provides driving nmomonts, since the line of ac-
tion of the driving force is shifted rolative %o the com~
ter of mass’'of the total weight. Ordinarily the offects
on load distribution of changes in froquency and of driv-
ing noments are not important unless one of the flexural
nodes has a natural frequenecy very near the frequency of
the anplied load. The offect of the coupllng also deponds
upon the difference between the natural frequency of the
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axial mode and that of the two flexural modes. Because of
the complexlty of these offocts and the lack of informa-
tion regarding the flexural modes, it is usually more
profitable to find by trial theo direction and magnitude

of a given offect than to try to estimate the effect 1in
advance. In attaching additional welghts to the assembly
caro must be token to make the atbachmenlt so rigld that no
new modesg of vibration are introduced having frequencies
in the neighborhood of that of the applied load, In prac—
tico this limits to very small valuecs the ghift in center
of gravity which can be attained dy this method.

In the tost-on specimen B the stress dlistribution was
found to be very gensitive to shifts in the center of
gravity of either weight. Tho observed straing indicated
that the natural frequency of—the second flexural node was
very noar to the frequency of the applied load. There
wore algo lndications that the natural frequency of the
first flexural mode was not greatly loss. Thls is at
first surprising gince for a slender boam the two flexural
frequencies are in the ratio of1 to /3. In the present
case, however, the bheam is comparatively weak in shear,
and thls tends to decrease the frequency of the second
mode, while the first mode is unaffected since no shear
load is prosent. Thus the natural froequencies of the two
flexural modes are not necessarily greatly different.

The two long studs shown in the foreground of figure
5 were used for attachling small weights to the assemdbly.
With a similar arrangement at the other end the two welghts
were adjusted until, for a small anplitude of vibration,
the straln amplitude at four stations wag identical wlthin
2 percent. Of the four stations, two were located near
~each end of the specimen-and at opposlte points on the two
flanges. S .

If the test frequency is well renoved from all flex-
ural frequencies so that the stress distribution is insen-
sltive to changes in the eccentricity of the weights,
shifting the specimen relative to the motors 1s ordinarily
the most convenient method of centering the load. Provi-
slon was made in the design of the terminal attachments
used for the second tost to permit -considorable relative
notion for such adjustments.

3. Guiding of Specimen

In addition to flexural modes in the plane of the wob,
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nonuniform loading may arise from flexural vidration nor-
mal to the web, from torsional wvibration, or from axial
loadg caused by the inertia of the specimen itself. Each
speclimen alone weighed less than 2 percont of tho total
woelght of the assembly, so that the wvariation in axial
load along the specimen was always less than 1 percent
(harmonics involving axial motion were not to be expected
because of their high natural frequenciles, at least ten
times that of the fundamental). Serious torsional modes
of vibration were not observed, although coupling existed
between torsional and flexural motion as a result of the
various egcentric reinforcements and attachments on the
specimens.

It is sufficient for limiting flexural vidbration nor-
mal to the web to provide guldes at various points along
the specimen, since only vibration of large amplitudes in
this direction will have an appreciable effect upon the
load distridbution. Thus the single guide used in the first
test (fig. 3), consisting of two wooden bars clamped to the
pipes connecting the upper weoight to the armature at the
bottom, with rubbsr pads separating them from the specimen,
was all that was needed in this case. TWithout this guilds
there seemed to be no 1limit to the anplitude which night
have been attained in this direction. The vibration was
subharmonic, but ample energy was avallable for dullding
it up since the peak conpressive load was well over three
tines the critical static Euler load for the bean acting
a8 a colunn without end restraints.

Another type of flexural vibration normal to the web,
& vibration of the web itself as distinet from the flanges,
appeared to be the source of nearly 21l the noise which
emanated from the specimen, the noise level being high
enough to be distinctly unpleasant to the opesrator. A
rough computation confirmed the suspicion that this may
have been buckling of the web near the peak compressive
load. for each cycle, ths web acting approxinmately like =a
plate with "bullt-in' edges. It seems possible that peri-
odic dbuckling of this kind may have had some influence on
the endurance of the specimen, but if so, the failure was
presumably "compressive' rather than "tensile," for the
buckle would not affect the distribution of the peak ten-
sile stress,

: Althouéﬁ tho second specimen was tested with roughly
30 percent less nominal stress than that applied to the
. first specimen, the greater beam depth agaln pernltted
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buckling in the web, Thig time a pair of wooden members
extending the full length of the specimon and clanpcd to
opposlte sides of the webd through thin rubber pads was
tried, contact being made at several points along the
gspecimen where it was found nost effective in deadening
the noilse, Thig gulde systen added sufficient stiffness
to the specimen to prevent objectionable lateral vibration
and at the same tinme lowered the noise level below the
threghold of disconfort to the operator,

¥I. TEST PROCEDURE

In any fatigue test two gquantities are regquired, the
nunber of cyecles to failure and the peak or turning point
values of some quantity such as the stress, the strain,
the load, or the deflection or relative displacement of
sone particular point on the specimen.

1. Measurenemt of Nunber of Cycles

In the present tests the cycles were counted merely
by noting the starting and stopping times to the noarest
minunte, and recording the frequency as indlicated Dby an
eloctronagnetic tachometer connectod to the shaft of the
generator, This tachometer was callbrated by a revolution
counter and a stop watch.

2. Measurenent of Amplitude

The anplitude of vibration of one of the welghts is
also an easily measurable quantity. The wedge—shaped
scale shown in figure 17 was used for this purpose.* The
wedges on this scale have a ratio of length to width of
10:1, and with the ald of a telescope or low-power nicro-
scope isolated from the vibrating system readings may be
estimated to 1/5 division, which corresponds to 0.001 inch
double amplitude, Somewhat higher sensitivity may be ob~
tained by reducing the size of the scele and using greater
magnification,

In figure 17 the amplitude scale is mounted within 2
inches of the axis of the system o that small rotations
of the welght about its center of nmass would have o neglle ~
giblo effect on tho reading of the axial component enpli-

*a simlilar scale 1s described in reference 1. .
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tude. In the second test the scale was mounted on the
axlis at the armature end of the motor by atbaching it to =
flattened brass rod screwed into the air duct. (The air
duct is shown connected to the hose line in figure 8 and
also in the forsground of figure 5.)

3« Measurement of Strain

Strain meagurements were made at various locatlons on
the specimen during preliminary runs at low amplltude and
also, In thse case of the second test, at one location dur-
ing the entire test. These measurements woere made as a
mcans of determining the load digtridbution over the spoec-
imen, and to provide as direct a corrolation as pessible
between the test results and the vibratory strain to be
measured under service conditions, as well as to assist in
the determination of stress concentration factors. '

For most strain gages there is considerabls error in
the readings if the gage is .subjJected to high acceleration.
Probadbly the most reliable gage for this condition is the
Tuckerman optical gage shown in figure 18, This special .
gage is lighter and more rigid than the regular Tuckerman
gage (referonces 5 and 6). The gage length is 2 inches,
the weight 0.8 ounce. The correction is small for longl-
tudinal accelerations up to ten times gravity and is neg-
ligible for accelerations of this order of magnitude’ in '
any other direction.

Only two such gages have beon constructed. To sup-—
Plement these speclal light-weight goges régular 2-ounce
gages wore used in the second test. Atftempts to obtaln
satisfactory performance o¢f the heavier gages at the nor-
mal running amplitude of the test falled, even near the
center of the specimen where the longitudinal motion is
nearly zero, because of the lateral vibration present.
However, with sufficlent care relative measurements could
be obtained with these:gages during the preliminary runs
at & reduced amplitude, so that they were useful in center-
ing the load.

. The gages were mounted in pairg at opposite points on
the two flanges of the specimen, care being taken to set
each gage as ncar the center of the flange as possibdle
without getting too close to rivets or other abrupt changes
in section., Several methods of attaching the gages to the
specimen were tried. TFigure 18 shows the method that vas
adopted for most of the strain measurements.
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4, Determination of Stress

For the purpose of simplifying the dlscussion, it 1sg
convenient to express the results of these tests 1n terms
of the "nominal stress amplitude" dofined as the amplitude
of the axial stress averaged over a cross section of the
specimen free from rivets, open holes, and other lrregu-
larities.

Either the measured amplitude of one of the welghts
or the average sirailn amplitude as indicated by a palr of
straln gages may be used as a basis for computing the nom-
inal stress amplitude. The strains were converted into
strogsses by assuming a value of 10.5 by 10° pounds per
square inch for the Young'!s modulus of the 24S8T nmaterial.
This value is taken from the primitive stress—strain graphs
covering a large number of tensile and pack compression
tosts on thig material and is believed to be accurate with-
in %1 percent over the range of stress coverod in the fa-
tlgue tests. In the case of dynamic loading the adiabatic
modulus should be used, but since this is only about 1/2
percent greater than the isothermal value (reference 7),
the difference may be noglected. This nmethod of computing
the nominal stress amplitude doos not take account of any
phase differcnce between the two straln gages, which may
be present ag a rosult of flexural wvibrations in the plane
of the web., With such a phase difference the indlcated
anmplitudo of the average stress would always be in oxcess
of the actual amplitude.

There are two methods by which the nominal stress an-
plitude may be doduced from the amplitude of vibration of
the weight. The first was used by the Goodyear-Zeppelin
Corporation (reference 1) to obtain a value for the stross
amplitude in airship girders, and consists in taking the
relative displacement between the two welghts divided by
the effective length of the specimen as the mean strain
throughout the specimen, from which the corresponding
stress 1s obtained by means of Young'l!s modulus. This meth-
od was not practicable in the fatigue tests of wing beans
because of the uncertainty in the effective length of the
specimen. Both the presence of reinforcements of unknown
stiffnegs along the specimen, and the fact that the depth
of penetration of stress in the ternminal attachnents ap«
rarently varies with temperature and time, contrldute to
this uncertainty. '

The gecond method consists in deducing the peak load
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from the mass and acceceleration of one of the welghts and
dlviding by the nominal cross-sectional area to get the
nomninal stregs amplitude.

-If the axial displacement of the center of gravity of
the weilght is given by 3B ein 2w ft where B 1is the am-
plitude and £ <+the frequency, the poak valus of the ac-

celeration will be 4n® £2 B, and the nominal stress am-

plitude will be 4w® £2 BM/Ag where M is the mass, 4
the nominal area, and g +he acceleratlion of gravity.

The driving force does not enter into thls computation
since at resonance it is practically 90° out of phase from
the inertla force, and therefore may be taken as zero at
the instant the peak load is reached. A small correction,
however, is required to take account of the magnetic at-

traction betwoen the armature and the magnet as given in
figure 10.

The principal assumptions made in this nmethod are
that the welght moves as a single unlt and that the no-
tion is sinusoidal. ©No evidence has been found for doubt-
ing the accuracy of the firet assunption. Deviations fronm
sinueoldal nmotion may arise either from harnonies or fronm
lack of proportionality between load and extension., Har-
nonice involving axizl motion are not to be expected be-
cause their frequencles are estimasted to be greater than
ten tlmes that of the fundanental, and no adequabte source
of energy having such high frequencies is apparent.

Lack of proportionality between load and extension
may be expected from the effect of frictional forces, such
as friction in the vicinity of rivets and bolts, and par-
ticularly from the effect of slippage and plastlec deformaw-
tion in the Wood's metal at the terminals, Although the
total damping is not large (see section III, 3), the ef-
fect of this type of danmping on the peak load 1ls difficuld
to estimate, occcurring as it does near the peak load, iIn
contrast to viscous damping which rsaches its. matimum as
the 1l6ad passes through ZST0 . ‘ - = -

Thus each of the two methods of determining. the: nomin
nal stress amplitude is subject to some uncertainty, the
first because it assumes all strains to be in phase, the
. second because it assumes sinusoldal motion. - The obsecrved
discrepancy in the results (see secbtion VII, 1 and 2) doos
not appear too large to be accounted for by faillure of one
or both of these assumptions. More data will be necessary
to determine which of the two methods i the more btrust-
vorthy in the present cass.
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5. Observation of Failure

In fetigue tests such ag these it is desiradle that
the number of cycles before the first appecarance of a vis-
ible crack be determined, as woll as the number of cycles
before a major failure. The endurance based on the flrst
criterion is probably the safer onse to use insofar as 1%
indicates a weakening of the structure against both static
and dynamic loads. On the other hand, the determination
of this endurance raquires frequent and careful examina-
tions of the speclimen, which may be impractical in the
bPresences of a gulde system hidlng a considerable portion
of the specimen, such as that used for the second specimom.

Actually, in these tegts, no cracks were observcd un-
til & sharp report and a sudden slight reduction in reso-
nant frequency gave notlce of a major fracturoc passing
completely through one of the flanges. Examination then
showed, ln .the case of each svecimen, a number of addi~
tional cracks in various parts of the specimen and in vary-
ing stages of development, indicating the locatlon of the
weakest points in fatigue, and also indicatlng the sequence
of formation of the larger cracks. In order to show up the
smaller cracks more clearly and to reveal possible incipi-
ent cracks which had beon overlooked, the svecimens were
vibrated at a reduced amplitude for some time after the
major fallure.

VII. RESULTS

1. Data on Specimen A

Thoe data obtained from the fatlgue test of the first
wving beam are summarigzed in figurec 19. The bottom curve
glvoe the amplitude of the lower wolght ag read on the
scale shown in figure 17. The second curve glves the fre-
guoncy. The data from these two curves were used to cone-
prute the nominal stress amplitude given by the third curve,
the calculation being made by the method described in sec—~
tion VI, 3.

During the preliminary runs covering the first 107
ninutes strain amplitude readings were takon on the flanges
neor the center of the specimen with the two light-woight
Tuckerman optical gages descrlbed in section VI, 3. Tho
values of nominal stregs anplitude deduced from these road-
ings using for Young's modulus 10.5 by 10% pounds per sauare
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inch (sce section VI, 4), are given by the opon circlee in
figure 19. The improvement in consistency toward the end
of the preliminary runs is probably due to improved tech-
nique in the control of the amplitude. Only one strain
reading was taken at full amplitude because of the diffi-
culty of prewventing creeping of the gage points as a con-
sequence of the severe lateral vipration, The straln
readings yield a volue of stress anplitude on the average
adbout 8 pewcent hi gher than that deduced fronm the amp11~
tude of the weight. -

Fron the results of both tests it 1s estlimated that
the first 304,000 cycles on the first specimen (fig. 19)
ls rougnly 10 percent of the total endurance at the aver-
age amplitude of 00,0225 inch, and 44,000 cycles is about 5
percent of the endurance at 0,036 ingh anplitude. Accord-
ingly, taking account of these preliminary runs, the total
endurance at the full amplitude of 0.040 inch should be
about 15 percent higher than the 452,000 cycles actually
observed, or 520,000 cycles. The corresponding average
nominal stress amplitude is 8,300 pounds per square linch
on the basis of the amplitude of the weight, 9,000 pounds
Per square inch on the basils of strain readings.

The top curve of figure 19 gives the armaturce current
in the &riving motor, which is directly proporitional %o
the driving force and, at constant amplitude,  very nearly
proportional to +the damping. At the dbreak ln this curve a
rocess of about %wo hours was taken., The tendency of the
system during this period to recover its original low damp~
ing value is believed to be due to cooling in the ‘TWood!s
metal which had been warmed and softened by the previous
run.

2. Data on Specimen B

The data obtained from the fatigue test on the second
wing beam are summarized in figure 20. The breaks 1in thess
curves represent recesses varying in length from a few nin-
utes to several days. The effect of the prelliminary runs
covering the first hour and ten minubtes on the endurance of
the specimen is believed %o be negligible. During these
runs the load was centered as described above. (Ses sec-
tion V, 2.) Subsequent strain readings were taken on only
one gage. The average value of the nonminal stress ampli-
tude computed from these readings (see fig. 20) was 5,740
pounds per sguare linch, while the average deduced from the
amplitude of the weight was 5,220 pounds per squarglinqh,
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leaving a diserepancy of 10 Eercent for the fatiguc strength.
The endurancs was 2.86 by 10° cyclos. :

That the particular location of the strain gage was
not stressed appreciably higher than the remainder of the
specimen ig clearly indicated by the fact that no cracks
were found near the gage. t appears therefore that the
conditions responsible for the discrepancy in the first
te§t wore equally serlous in the sgecond. (Seec section VI,
A'l

In both tests there was a marked tendency for the reog-
ocnant frequency to fall during the course of the test.
Such effects as changes in Young!s modulus as a result of
changes in toemperature, progressive weakenling of tho msto-~
rial, and weakenin g of the structure as a result of loos-
ening rivets and bolts, are considered inadequate to ex—
plain this behavior. The observed variations in frequency
are believed %o be caused by & combinatlon of nonviscous
damping and of changes in the effective free length of the
specimen wilth variations in the depth of penetration of
stresses in the terminal attachments. Both the dampling
and the change in effective length may bo attriduted to
changes in tho Wood!s metal layer connecting the end
welghts to the specimen,

3, Location of Cracks

Cracks 1n wvarious stages of development are shown on
the photographs, figures 21 to 27 inclusive. The location
of these photographs on the specimen is indicated by the
corresponding number in figure 1. Crack No. 1, figure 21,
was the maln fallure on the first specimen, The rld at-
tachment under which it passed and. the two rivets were re-
moved after. the test to show the crack more clsarly. A
total of elght cracks found on the first specimen are shown
in figures 21, 22, and 23,

Crack No. 9, figure 24, is the main failure on the
second specimen, and the additional six cracks found on
this specimen are shown in figures 24 to 27 inclusive. The
grouping of all the cracks bdut one, No. 15, near one end
indicates a certain amount of overloading of the top flange
near this end and to that extent reflects the difficulties
encountered in centering the load 6n this specimen. One
crack, No. 12, was found even inside the terminal attach-
ment, And yet the occurrence of No. 15 near the other end
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of the same flange shows that the second flexural mode 1in
the plane of the web, which was the most difficul®% to con-
trol, did not predominate during the test for it would
load the opposite flange the heavier at that end.

VIII. CONCLUSIONS

Prelliminary fatigue tests of two wing-beam specimens
have shown that:

l« The reciprocating motor in conJunction with a
resonant system is a convenient means of applying rapid
axlal load reversals to large specimens such as wing
beams for fatigue measurements;

2s Specimens with local asymmetries in section such
ag that portion of the front wing beam which includes the
cabane-support attachment may be loaded nearly uniformly;

3« The load may be appllied directly to the specimen
through a layor of Wood'!s metal without the necessity of
"building up" the ends to prevent failure at the termi-
nals;

4. The problem of determining the stress applled to
the specimen is not 2 simple one but will require further
development: and

5. The heanms tested had no outstanding weak points
in fatigue but rether exhibit approximately the same re-—
slstance to fatigue around the many rivet holes and other
discontinuities distributed throughout their length,

National Bureau of Standards,
Washington, D. CG., July 1938,
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Pigore 1,- Fatigue specimens of alumimm-alloy wing beams after tests to
failure, The numbersindicate the location of cra.ck photo-

graphs with corresponding figure numbers.
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Figure 3.~ First
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test assembly be-
fore final run to
failure.

Figure 2.~ Schematic arrangement of first
fatigue teast assembly.
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Tigure 5.~ Second fatigue test assembly with the exception of the guide system and load-
centering weights., The symmetric arrangement reduces the mechanical difficul-
tles and provides greater flexibility of adjustment.
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l‘igm-oi 7.- Armature and yoke of reciprocating motor.
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Figure 8.- Reciprocating motor complete with vents for air cooling.
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Figure 9.- Set-up at Akron for static load tests
reciprocating motor.
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Figure 17.- Detail view of lower end of first fatigue test assembly,
showing double wedge for measuring amplitude.
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Figure 3l.- Fatigue oracks in specimen A(for location on specimen see figure 1).
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gimen B(for location on

Figure 84.- Fatigue cracks ln spe
specimen see figure 1
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Figure 25.- Fatigue oracks in specimen B(for location on
specimen see figure 1).
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Figure 237.- Fatigue cracks in spegimen
specimen see figure 1).



